Background: Prostaglandin D 2 (PGD 2 ) is primarily produced by mast cells and is
| INTRODUCTION
Allergic rhinitis (AR) is a type 1 hypersensitivity in the nasal mucosa of affected individuals, characterized by episodic paroxysmal sneezing, rhinorrhea, nasal obstruction, and nasal itching. The disease is triggered by the inhalation of putative antigens and mediated by immunoglobulin E (IgE). [1] [2] [3] [4] A conservative estimate of the number of worldwide sufferers is 500 million, 1 and it is a disease with significant morbidity, affecting 10-30% of the adult population in the United States and 39.4% of adults in Japan. [2] [3] [4] These mediators induce the symptoms of sneezing, rhinorrhea, nasal obstruction, and nasal itching. AR is currently treated with antihistamines, leukotriene receptor antagonists (LTRAs), steroids, and vasoconstrictors. [1] [2] [3] [4] Moderate-to-severe sufferers or patients who do not show sufficient improvement with monotherapy alone require combination therapy. [1] [2] [3] [4] In these circumstances, the administration of multiple drugs is associated with reduced compliance and consequent lower quality of life (QOL) and can also be a source of economic loss from the cost of the medications.
PGD 2 is primarily produced by mast cells 5 and exerts its biological activity by binding to the PGD 2 receptor 1 (DP1) or the chemoattractant receptor-homologous molecule expressed on T helper type 2 cells (CRTH2). 6, 7 The observation that asapiprant, a DP1 antagonist, reduced ovalbumin-induced nasal obstruction and rhinorrhea in a guinea pig model of AR 8 suggests that DP1 antagonists have the potential to reduce patients' nasal symptoms in AR.
ONO-4053 is a novel synthetic DP1 antagonist which has proven to effectively expand the nasal cavity in a cynomolgus monkey model of AR, and to suppress sneezing and nasal rubbing in a mouse model of AR (internal data of Ono Pharmaceutical). Based on these observations, we have designed an exploratory study of in patients with seasonal allergic rhinitis (SAR) to examine its efficacy as a treatment.
2 | ME TH OD
| Study design
This study was conducted after the review and approval of the clinical trial protocol and informed consent form by the institutional review board. Written informed consent was obtained from all patients before study inclusion.
The study was a placebo and LTRA-controlled, randomized, double-blind, parallel-group study of patients with diagnosed Japanese cedar (JC) pollinosis and was conducted during the JC pollen season.
The patients were randomly assigned using a stratified randomization to receive ONO-4053, LTRA, or placebo in a 2:2:1 ratio. After completing a one-week screening period of single-blinded placebo administration, patients who met the study inclusion criteria were enrolled in a two-week treatment period. The LTRA used in this study was pranlukast whose efficacy profile is superior to placebo 9, 10 and comparable with montelukast. 11 ONO-4053 or matching placebo was administered at a dose of 300 mg once daily after food in the evening and pranlukast or matching placebo was administered at a dose of 225 mg twice daily after food in the morning and evening, and each matching placebo is not recognizable whether the actual drug or placebo by both patients and physicians. This study employed the double dummy technique.
| Key inclusion and exclusion criteria
The patients included in this study were those aged ≥20 and <65 years who had experienced nasal symptoms during the JC pollen season in at least the most recent two years, were positive for the JC pollen specific IgE antibody, and had the total of three nasal symptom scores (T3NSS, total scores for the symptoms of sneezing, rhinorrhea, and nasal obstruction) of ≥6, daytime nasal obstruction scores ≥2 and <4, and nocturnal nasal symptom scores ≥6 in oneweek screening period before randomization.
The following patients were excluded from the study: Patients who had a disease which could interfere with the evaluation of nasal symptoms, such as an upper respiratory tract infection, or a morphological abnormality affecting nasal obstruction; patients who responded to exposure to multiple allergens besides JC pollen with symptoms of AR in order to improve the sensitivity of the evaluation of the study drug; patients with bronchial asthma in order to improve the sensitivity of the evaluation of the study drug; patients who had used anti-allergic agents such as antihistamines and LTRAs within 14 days before, or during the screening period; patients who had used steroids within 28 days before, or during the screening period; patients who had used Omalizumab within 120 days before, or during the screening period; patients who have started allergy shots within 6 months; patients who had undergone surgical procedures such as turbinectomy for reducing the size of or changing the conditions of the nasal mucosa within five years before, or during the screening period; and patients who had a history of serious drug allergy.
| Evaluation parameters
During the screening and treatment periods, each patient assessed and recorded their AR symptoms daily using an electronic diary (Fujitsu ePRO Solution). Symptoms were scored between 0 and 3 or 0 and 4 following the scoring systems shown in Table 1 . 3, [12] [13] [14] Efficacy was evaluated based on T3NSS, T4NSS (total of T3NSS plus the symptom of nasal itching), nocturnal nasal symptoms, eye symptoms, troubles with daily life, and the Japanese Rhinoconjunctivitis Quality of Life Questionnaire (JRQLQ), which was confirmed to correlate highly with the Japanese translation of the Rhinoconjunctivitis Quality of Life Questionnaire (RQLQJ). 15 Mean scores were calculated for the two-week treatment period overall, and also for the first week and the second week of the treatment period, individually. Safety was evaluated based on the incidence of adverse events and adverse drug reactions.
| Statistical analysis
Sample sizes of 80, 80, and 40 individuals were predetermined for the ONO-4053 group, the pranlukast group, and the placebo group, respectively, based on practical considerations. Assuming that 5% of the patients were excluded from the efficacy analyses, we calculated that a sample size of 76 patients in the ONO-4053 and pranlukast groups would give a 70% probability of detecting a 0.16 or greater difference (i.e, more than half of a true difference) between the point estimates of the mean changes from baseline of T3NSS in the ONO-4053 and pranlukast groups with a true between-group difference of À0.33 and a common standard deviation of 2.0. As we did not have sufficient power to detect a between-group difference at a two-sided significance level of 0.05, all statistical inferences were considered to be exploratory. Our hypothesis was that we would see the half of the difference which had been observed between the montelukast and placebo groups in a point estimate of the difference between the ONO-4053 and pranlukast groups in this study. We used a Bayesian approach to evaluate the hypothesis.
We included the placebo and pranlukast groups to evaluate the assay sensitivity. We also prespecified the criterion for appropriately evaluating the efficacy of the drugs in SAR patients, which stated that the Bayesian posterior probability that the between-group difference in T3NSS between pranlukast and placebo was <0.00 of the mean changes from the baseline during the two-week treatment period needed to be > 50%.
Efficacy analyses were performed for the full analysis set (FAS)
population, which included all randomized patients who took at least one dose of the test drug and had at least one set of measurements | 1567
probability for the between-group mean differences was also calculated based on the same ANCOVA model. The Bayesian posterior probabilities for T4NSS, sneezing, rhinorrhea, and nasal itching were calculated post hoc. Missing values were handled as missing without explicit imputations.
The safety analysis population included patients who had taken at least one dose of the test drug. Safety endpoints were analyzed in a descriptive manner.
| Evaluation of human mast cells degranulation
The for 2 h, followed by adding stop solution (NaHCO 3 /Na 2 CO 3 , pH 10), and absorbance was determined at 405 nm.
3 | RESULTS
| Patient population
Two hundred patients were enrolled in the study, and all were included in the FAS population. Missing data were not explicitly imputed by any other observed values, and as a result, the data for 17 patients were excluded from efficacy analysis, because they had insufficient numbers of ePRO data (<80% of the total) for calculating the mean changes from baseline. A consort diagram is shown in Figure 1 , and patient demographics are shown in Table 2 . Drug compliance was evaluated by pill counting data and was 100% for both tablets and capsules in all the treatment groups.
| Total nasal symptom score
Mean changes in T3NSS and T4NSS from baseline for the two-week treatment period are shown in Tables 3 and 4 , respectively. For T3NSS, changes observed in the pranlukast and placebo groups (LS-mean AE SE) were À0.83AE0.16 and À0.68AE0.24, respectively, demonstrating a difference in mean change of À0.15AE0.29 for pranlukast compared to placebo. The Bayesian posterior probability that the pranlukast was more effective than placebo in reducing symptoms was 70.0%, which was higher than the criteria of 50% prespecified for this study to be valid. The difference in mean change in T3NSS from baseline observed in the ONO-4053 group compared to the placebo group for the two-week treatment period was À0.36AE0. 30 . This corresponds to a Bayesian posterior probability of 89.0% for ONO-4053 that the difference was <0.00. Furthermore, the difference in mean change from baseline in the ONO-4053 group compared to the pranlukast group for the two-week treatment period was À0.21AE0.23, corresponding to a Bayesian posterior probability of 81.6% for ONO-4053 that the difference was <0.00. For the mean change, the Bayesian posterior probability of ONO-4053 being greater than pranlukast was higher than that of pranlukast being greater than the placebo.
The difference in mean changes in T4NSS from baseline observed in the ONO-4053 and pranlukast groups compared to the placebo group for the two-week treatment period was À0.47AE0.38
and À0.21AE0.38, respectively. This corresponds to Bayesian posterior probabilities of 89.0% for ONO-4053 and 71.2% for pranlukast that these differences were less than 0.00.
For both T3NSS and T4NSS, the reduction in scores was both greater and faster (Figure 2 ) in the ONO-4053 group than in the pranlukast or placebo groups.
| Individual symptoms
The mean changes in individual symptoms from baseline for the two-week treatment period are shown in Figure 3 , and those observed during the first week and the second week individually are shown in Figure 4 . The reduction in all nasal symptom scores was both greater and faster in the ONO-4053 group than in the pranlukast group. The Bayesian posterior probabilities that mean changes from baseline for the two-week treatment observed in the ONO-4053 group were greater than in the pranlukast group for symptoms of sneezing, rhinorrhea, nasal obstruction, and nasal itching were To evaluate the mean changes from the baseline, an analysis of covariance (ANCOVA) model was used which included the treatment group and the baseline value of each endpoint as covariates.
88.8%, 82.5%, 55.7%, and 77.4%, respectively. For nocturnal nasal and eye symptoms, the reductions observed in the ONO-4053 and pranlukast groups were of similar magnitude, and greater than those in the placebo group. The reduction in the score for negative impact on daily life was both greater and faster in the ONO-4053 group than in the pranlukast group. The reduction in JRQLQ scores reported by the ONO-4053 and pranlukast groups was similar and greater than those reported by the placebo group.
| Safety
The number of patients in the safety analysis set was 200. The incidences of adverse events and adverse drug reactions are shown in Table 5 , and details of adverse drug reactions are provided in Table 6 . The incidences of adverse events were similar across the study groups: 15.4% in the placebo group, 18.1% in the pranlukast group, and 17.9% in the ONO-4053 group. The adverse drug reactions observed in the ONO-4053 group were rash, alanine aminotransferase increased, gamma-glutamyl transpeptidase increased, glucose urine present, liver function test abnormal, and protein urine present. All of these adverse drug reactions were mild and reversible.
One patient receiving ONO-4053 developed a rash, which resulted in the termination of drug administration.
| Inhibitory effects on mast cell degranulation
The results of examination of the inhibitory effects of ONO-4053, laropiprant, asapiprant, and BW A868C on mast cell degranulation are shown in Figure 5 . ONO-4053 had extremely inhibitory effects at a concentration of 10 À5 M that approximates to the expected 
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F I G U R E 2 Changes in T3NSS and T4NSS at the first week and the second week in the treatment period. In terms of absolute values, the pranlukast group exhibited a larger change than the placebo group, and the ONO-4053 group exhibited a larger change than the pranlukast group from the 1st week. Data are presented as mean AE SE Bayesian posterior probability <0.00
T A B L E 4 Changes in T4NSS from the baseline over the two-week treatment period and their Bayesian posterior probabilities
Bayesian posterior probability <À0.16
Bayesian posterior probability <À0.33
To evaluate the mean changes from the baseline, an analysis of covariance (ANCOVA) model was used which included the treatment group and the baseline value of each endpoint as covariates.
serum concentration from ONO-4053 in this clinical study, whereas laropiprant, asapiprant, or BW A868C did not. we did not prespecify the primary endpoint. As T3NSS or T4NSS is generally an important endpoint in allergic rhinitis, we focused on these most. We measured PK of ONO-4053, but there was no particular relationship between PK and these endpoints.
| DISCUSSION
We have calculated Bayesian posterior probabilities for the between-group mean differences. In a Bayesian framework, uncertainty about any differences observed is expressed via probability distributions, enabling quantitative comparisons between experimental treatment and control. In addition, it has been reported that Bayesian statistics are useful for "go/no-go" decision-making in proof-of-concept studies. 29 The Bayesian posterior probability was therefore appropriate for making comparisons between drug groups in this study. The Bayesian posterior probability that the positive control, pranlukast, was more effective than placebo in reducing T3NSS was not <50%, which proves the validity of this study. In addition, the Bayesian posterior probability that ONO-4053 was more effective than pranlukast was not <50%, suggesting that ONO-4053 demonstrated greater efficacy. For T3NSS, the Bayesian posterior probability that pranlukast was better than placebo was 70.0%, and the Bayesian posterior probability that ONO-4053 was better than pranlukast was 81.6%. These values suggest that ONO-4053 could demonstrate superior efficacy than pranlukast in a confirmatory study by direct comparison. It is known the effect of LTRA is superior to placebo for AR nasal symptoms, and LTRA is widely used for relief of AR symptoms. In this study, we found ONO-4053 would be more effective than LTRA, pranlukast, for T3NSS or T4NSS.
These facts indicate the efficacy of ONO-4053 would be clinically meaningful in T3NSS or T4NSS. A sample size of about 600 to 1500 patients per group in the ONO-4053 and pranlukast groups will give Although it is generally difficult to detect a significant difference against an active treatment, we think it might be still feasible in this patient population. As the sample size of this study is small (40-80 patients per arm), considering the montelukast study (approximately 300 patients per arm), 13 the estimate accuracy of the between-group difference might be low. Therefore, further examination is needed to precisely quantify the difference between the ONO-4053 and pranlukast groups in the subsequent studies.
We made a hypothesis that the difference observed between ONO-4053 and the LTRA, pranlukast, would be similar to the difference observed between the LTRA, montelukast, and placebo (À0.33
for the mean change in T3NSS from the baseline). 13 We conducted this study with the assumption that it would be possible to detect a change that was approximately half of this magnitude (À0.16). For the between-group differences in mean changes in T3NSS from baseline between the ONO-4053 and pranlukast groups, the Bayesian posterior probability for this being lower than À0.33 was 30.8%
(<50%), but the Bayesian posterior probability for this being lower than À0.16 was 58.7%. The actual value calculated for the Bayesian posterior probability confirmed the expected efficacy, indicating the validity of using of Bayesian statistics for this exploratory study.
Laropiprant has been found to have insufficient efficacy as a treatment for AR. 30 Laropiprant acts as an antagonist to the thromboxane receptor (TP) as well as to DP1. 17 Reduction in mucosal size at the inferior turbinate as a result of exposure to thromboxane A2 (TXA2) 31 and induction of nasal obstruction by inhibition of TXA2
synthetase have been reported. 32 Laropiprant presumably demonstrated poor efficacy in reducing AR nasal obstruction because its DP1 antagonistic action was canceled by its TP antagonistic action.
ONO-4053 demonstrated greater efficacy than the LTRA, pranlukast, in relieving AR symptoms, particularly for symptoms of sneezing, rhinorrhea, and nasal itching, for which involvement of histamine is known. However, the fact that ONO-4053 is not a histamine antagonist and that laropiprant lacks efficacy for sneezing, rhinorrhea, and nasal itching indicates that the effectiveness of ONO-4053 in relieving these symptoms, which are primarily histamine-induced, cannot be due to its DP1 antagonistic action. From these observations, we made the hypothesis that ONO-4053 has an additional mechanism besides its DP1 antagonistic action. As a result of examination based on this hypothesis, we found that ONO-4053 had an inhibitory effect on mast cell degranulation. Neither laropiprant, asapiprant, nor BW A868C inhibited mast cell degranulation. These results suggest that the high efficacy of ONO-4053 in treating the symptoms of AR derives from ONO-4053 has demonstrated robust efficacy for symptoms of sneezing, rhinorrhea, and nasal itching, the elucidation of these inhibitory mechanisms could provide a clue for the discovery of a novel target drug to replace antihistamines and LTRAs.
Levels of PGD 2 expression are high in patients with chronic rhinosinusitis, chronic cough, and bronchial asthma, as well as in patients with AR. 25, [33] [34] [35] [36] [37] [38] It has also been reported that the asthma of DP1-deficient mice tended to be mild 39 and that DP1 mediated PGD 2 -induced VEGF release from nasal polyp fibroblasts. 40 In addition to its DP1 antagonistic action, ONO-4053 inhibits the production of chemical mediators such as histamine and leukotriene due to its inhibitory effect on mast cell degranulation. ONO-4053 has also been found to and LTRA (only in Japan) are recommended for nasal obstruction.
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The efficacy of ONO-4053 was demonstrated for all symptoms of AR, including sneezing, rhinorrhea, nasal itching, and nasal obstruction. ONO-4053 therefore has the potential to become a new class of therapeutic agent that can be used to treat any symptom of AR.
ACKNOWLEDGMENTS
We thank Masataka Kuroda of Ono Pharmaceutical Co., Ltd. for his assistance of this study.
CONF LICT OF I NTEREST
K. Okubo is a medical adviser and a consultant for Ono Pharmaceu- 
AUTHOR CONTRIBU TI ON
KO, KH, MO, and HY participated in design of this study, KO, KH, MO, and HY participated in data analysis and interpretation, and SY participated in experiment using mast cells.
R E F E R E N C E S

